The use of biochar in the horticulture and crop fields is a recent method to improve soil fertility due to its porous features and rich nutrients. In the present study, dairy manure (DM) was used as a biomass precursor in the preparation of highly porous biochar (DM-BC) produced at specific conditions. Based on N 2 adsorption-desorption isotherms and scanning electron microscopy (SEM) observations, the resulting biochar featured its microporous/mesoporous textures with a BET surface area of about 300 m 2 /g and total pore volume of 0.185 cm 3 /g, which could be a low-cost biosorbent for the effective removal of methylene blue (MB) from the aqueous solution. As observed by the energy dispersive X-ray spectroscopy (EDS), the primary inorganic nutrients on the surface of DM-BC included calcium (Ca), magnesium (Mg), potassium (K), phosphorus (P), silicon (Si), sulfur (S), sodium (Na) and aluminum (Al). Furthermore, the resulting biochar was investigated in duplicate for its biosorption performance of cationic compound (i.e., methylene blue, MB) from the aqueous solution with various initial MB concentrations and DM-BC dosages at 25 • C. The findings showed that the biosorption kinetic parameters fitted by the pseudo-second order rate model with high correlations were consistent with its porous features. These experimental results suggested that the porous DM-based biochar could be reused as a biosorbent, biofertilizer, or soil amendments due to the high porosity and the abundance in nutrient minerals.
Introduction
Livestock industries produced a variety of commodities like meat and milk, but they also generated large volumes of excrement and manure that could cause adverse effects on environmental quality if not well managed [1] . Due to the contents of cellulose-derived organics, nutrients (e.g., nitrogen, phosphorus) and other constituents (e.g., pathogens, heavy metals) in the livestock waste, major forms of environmental pollution associated with waste management such as eutrophication of surface water, leaching of nitrates and pathogens, excess nutrients and heavy metals built up in the soil, and release of odorants (e.g., ammonia, hydrogen sulfide) and greenhouse gas (e.g., methane, carbon dioxide) emissions. More importantly, the livestock industries, especially in beef and dairy cows, contributed a significant share (about 15%) to anthropogenic emissions of greenhouse gas (GHG), including carbon dioxide (CO 2 ), nitrous oxide (N 2 O) and methane (CH 4 ) [2] . For instance, manure contains organic matters and nitrogen components that can lead to CH 4 and N 2 O emissions during storage and processing, implying that the livestock sector plays an important role in global warming
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Materials
The dairy (Holstein) manure (DM) for the production of high-surface-area biochar was taken from the university's farm (Pingtung, Taiwan). Details on the pretreatment of DM have been described in the previous studies [15, 16] . The cationic dye methylene blue (MB), which was purchased from Merck Co. (Darmstadt, Germany), was targeted as an adsorbate because it can be used as a probe molecule for determining the surface area of carbon material [17] .
Biochar Preparation Experiments
Because the temperature has been shown to be the most important process parameter in the pyrolysis experiments [7, 18] , the DM-BC products were produced in duplicate at very high temperature (i.e., 900 • C), moderate residence time (30 min) and low heating rate (10 • C/min) under an inert nitrogen atmosphere in this work. The yields of the DM-BC products were defined as the ratio of DM-BC mass to DM mass (5 g for each experiment), showing a yield of 22.5% on average.
Physical and Chemical Characterizations of Resulting Biochar
In this work, the main purpose was to produce biochar with high pore properties (including specific surface area, pore volume and porosity). Therefore, the physical properties of DM-BC were mainly based on the N 2 adsorption-desorption isotherms by using a surface area and porosity analyzer (Model No.: ASAP 2020; Micromeritics Co., Norcross, GA, USA). Regarding the calculation of main pore properties, they were based on the Langmuir equation, Brunauer-Emmett-Teller (BET) equation and t-plot method [5, 19] . For instance, the micropore (pore diameter or width <2.0 nm) surface area and micropore volume were obtained from the t-plot method. On the other hand, the single point surface area was calculated at a relative pressure of 0.30 because it is a simplified BET method. The total pore volume of resulting biochar was obtained by converting the adsorbed N 2 amount at a relative pressure of approximately 0.95 to equivalent liquid N 2 volume [19] . In order to calculate the porosity of biochar from the values of densities [5, 20] , a gas pycnometer (Model No.: AccuPyc 1340; Micromeritics Co., USA) was further used to measure the true density of resulting biochar. However, its particle density was estimated by the values of true density and total pore volume [20] . The average pore width of resulting biochar was roughly obtained using its BET surface area and total pore volume based on the assumption of cylindrical geometry in all pores [5, 20] . Furthermore, the porous textures and elemental compositions on the surface of DM-BC were measured using a scanning electron microscopy (Model No.: S-3000N; Hitachi Co., Tokyo, Japan) and an energy dispersive X-ray spectroscopy (Swift ED3000, Oxford Instruments, Abingdon, UK), respectively.
Biosorption Kinetic Tests
The adsorption kinetic experiments were also described in the previous study [21] . The batch adsorption kinetics of DM-BC was performed in a 3 L mixing tank with a 2 L solution. The data on the adsorbed uptake of methylene blue (MB) from aqueous solution (2 L) were obtained at the temperature of 25 • C and agitation speed of 200 rpm. The adsorption parameters included initial MB concentrations (i.e., 5, 10, and 15 mg/L) and DM-BC dosages (i.e., 0.15, 0.3 and 0.5 g). During the adsorption tests, an aliquot solution (about 13 cm 3 ) was taken out at specified intervals (i.e., 5, 10, 20, 30, 40, 50, and 60 min). After filtrating with a nylon membrane filter (pore size of 0.45 µm) with a filter size of 25 mm (Chrom Tech Inc., Apple Valley, MN, USA), the determination of MB concentration in the filtrate solution was obtained by the U-2900 spectrophotometer (Hitachi Co., Tokyo, Japan) at 664 nm. The adsorbed amount of MB (q t , mg/g) at the sampling time (i.e., contact time) of t was thus calculated by the solution volume, adsorbent (DM-BC) mass, and the difference between remaining MB concentration at t (C t ) and initial MB concentration (C 0 ). Herein, the solution volume was assumed to be 2 L without significant change for each biosorption experiment, because total sampling volume was only about 0.09 L. On the other hand, the sampling solution taken at each specific time in the biosorption experiments was analyzed in duplicate using separate samples, showing that the reproducibility of the measurements is within 3%.
Results and Discussion
Pore Properties of Resulting Biochar
Although the chemical properties of biochar may affect the use as an adsorbent in the environmental applications, its effectiveness mainly depends on its pore properties. Table 1 listed the pore properties of resulting biochar (DM-BC), which include surface area, pore volume, density and porosity. In this work, the DM-BC was produced at the same pyrolysis conditions in duplicate, showing that their pore properties were close to each other. Obviously, the DM-BC possessed favorable pore properties by comparison with other biochars produced from different feedstocks [22] . For instance, the BET surface area of DM-BC (ca. 300 m 2 /g) was significantly higher than those (<186.5 m 2 /g) by other similar studies using dairy manure for the preparation of biochars [6] [7] [8] [9] [10] [11] [12] [13] [14] . Based on the microporosity (i.e., the ratio of micropore surface area to BET surface area), listed in Table 1 , it was close to 0.70, giving an indication of a mesoporosity of about 30%. Therefore, the average pore diameter (or width) was about 25.2 Å (or 2.52 nm), which can be estimated by the values of BET surface area and total pore volume if the pores are cylindrical geometry without interconnection [20] . The physical characterization of DM-BC with high surface area and mesoporosity would prefer to remove adsorbates with large molecular size from the aqueous system due to the steric effect [23] . a Based on two measurements for DM-BC samples produced at the same pyrolysis conditions; b obtained at relative pressure (P/P 0 ) of about 0.30; c based on the relative pressure (P/P 0 ) ranging from 0.05 to 0.30; d estimated by t-plot method; e obtained by subtracting micropore surface area from BET surface area; f total pore volume obtained at relative pressure (P/P 0 ) of about 0.95; g estimated by the values of BET surface area (S BET ) and total pore volume (V t ) (i.e., average pore width = 4 × V t /S BET ) [20] ; h estimated by the values of total pore volume (V t ) and true density (ρ s ) (i.e., ρ p = 1/[V t + (1/ρ s )]) [20] ; i measured by a pycnometer; j estimated by the values of particle density (ρ p ) and true density (ρ s ) (i.e., ε p = 1 − (ρ p /ρ s )) [20] .
In order to describe the pore structures of DM-BC studied, Figure 1 showed its N 2 adsorption-desorption isotherms. Obviously, the biochar was highly porous because Type I isotherms were obtained on microporous materials with the pore width less than 2 nm [19] . Due to the very high adsorption potential, a very high uptake occurred at relatively relative pressures (P/P 0 ) of less than 0.05. However, DM-BC contained pores over a range of sizes or widths, including micropores (<2.0 nm) and mesopores (2.0-50.0 nm). Therefore, the observed isotherms revealed the feature with both Type I and Type VI. Also shown in Figure 1 , the hysteresis loop occurred at the isotherms as the relative pressure increased in the adsorption process and then decreased in the desorption process. This progress led to the multilayer adsorption and pore (capillary) condensation, which commonly occurs in the mesoporous materials. According to the classification of hysteresis loops by the International Union of Pure and Applied Chemistry (IUPAC), the loop of DM-BC should belong to type H4, which could be associated with narrow slit-shaped pores [19] . Furthermore, the pore size distribution of the resulting biochar showed two peaks depicted in Figure 1 , indicating that the micropores and mesopores were present in the DM-BC. On the other hand, its SEM images, seen in Figure 2 , showed a porous texture on the surface, thus resulting in its high pore properties as indicated in Table 1 and Figure 1 . This progress led to the multilayer adsorption and pore (capillary) condensation, which commonly occurs in the mesoporous materials. According to the classification of hysteresis loops by the International Union of Pure and Applied Chemistry (IUPAC), the loop of DM-BC should belong to type H4, which could be associated with narrow slit-shaped pores [19] . Furthermore, the pore size distribution of the resulting biochar showed two peaks depicted in Figure 1 , indicating that the micropores and mesopores were present in the DM-BC. On the other hand, its SEM images, seen in Figure 2 , showed a porous texture on the surface, thus resulting in its high pore properties as indicated in Table 1 and Figure 1 . 
Chemical Characterization on the Surface of Resulting Biochar
During the SEM observations, the elemental compositions on the surface of resulting biochar were further analyzed by using the energy dispersive X-ray spectroscopy (EDS). As revealed in Figure 3 , it showed that the main elements, including carbon (41.95 wt%) and oxygen (36.27 wt%), were present in the DM-BC. The high content of oxygen in the resulting biochar was significantly high, implying that its surface contained some oxygen-containing functional groups (e.g., carbonyl and hydroxyl) and minerals (e.g., K2O and CaO) for probable connection with the polar nature (i.e., hydrophilicity) [24] . Also, the resulting biochar contained some soil nutrient elements, including calcium (Ca, 7.06 wt%), magnesium (Mg, 4.96 wt%), potassium (K, 4.80 wt%), phosphorus (P, 1.56 wt%), sulfur (S, 1.25 wt%), silicon (Si, 1.06 wt%), sodium (Na, 0.63 wt%) and aluminum (Al, 0.48 wt%). These results were consistent with the previous study [16] . These mineral elements in the resulting biochar could be composed by the forms of oxides, silicates, and/or phosphates. Therefore, this manure-based biochar can be reused as an excellent biofertilizer or soil amendment because it can enhance soil fertility based on the following benefits [25] : recovery of P and other nutrients from manure, increased cationic mineral released (cation-exchange capacity), moderating of soil acidity This progress led to the multilayer adsorption and pore (capillary) condensation, which commonly occurs in the mesoporous materials. According to the classification of hysteresis loops by the International Union of Pure and Applied Chemistry (IUPAC), the loop of DM-BC should belong to type H4, which could be associated with narrow slit-shaped pores [19] . Furthermore, the pore size distribution of the resulting biochar showed two peaks depicted in Figure 1 , indicating that the micropores and mesopores were present in the DM-BC. On the other hand, its SEM images, seen in Figure 2 , showed a porous texture on the surface, thus resulting in its high pore properties as indicated in Table 1 and Figure 1 . 
During the SEM observations, the elemental compositions on the surface of resulting biochar were further analyzed by using the energy dispersive X-ray spectroscopy (EDS). As revealed in Figure 3 , it showed that the main elements, including carbon (41.95 wt%) and oxygen (36.27 wt%), were present in the DM-BC. The high content of oxygen in the resulting biochar was significantly high, implying that its surface contained some oxygen-containing functional groups (e.g., carbonyl and hydroxyl) and minerals (e.g., K2O and CaO) for probable connection with the polar nature (i.e., hydrophilicity) [24] . Also, the resulting biochar contained some soil nutrient elements, including calcium (Ca, 7.06 wt%), magnesium (Mg, 4.96 wt%), potassium (K, 4.80 wt%), phosphorus (P, 1.56 wt%), sulfur (S, 1.25 wt%), silicon (Si, 1.06 wt%), sodium (Na, 0.63 wt%) and aluminum (Al, 0.48 wt%). These results were consistent with the previous study [16] . These mineral elements in the resulting biochar could be composed by the forms of oxides, silicates, and/or phosphates. Therefore, this manure-based biochar can be reused as an excellent biofertilizer or soil amendment because it can enhance soil fertility based on the following benefits [25] : recovery of P and other nutrients from manure, increased cationic mineral released (cation-exchange capacity), moderating of soil acidity 
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due to the alkalinity of the cationic oxides (e.g., K2O), increased water retention and number of beneficial microbes in soils, and reduced leaching of nitrogen-containing compounds (cations like ammonium) into water bodies.
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Biosorption Kinetic Performances of Resulting Biochar
Adsorption or biosorption process is a common method in the water and wastewater treatment and soil remediation. For better performance and cost-effective operation, biosorption capacity and process time required for equilibrium are important parameters in the system. Therefore, several biosorption kinetic equations or models have been used to predict the biosorption behaviors in the aqueous systems [26] . Among them, a pseudo-second order rate equation was commonly used to fit the biosorption kinetic data for explaining the physicochemical aspects, including physical biosorption, chemical attraction and ion-exchange. Its linear form was given below [27] t/qt = 1/(k × qe 2 ) + (1/qe) × t (1) where qt is the biosorbed amount of adsorbate (i.e., MB) at the contact time t (mg/g), qe is the amount of MB biosorbed at equilibrium (mg/g), k is the pseudo-second-order rate constant (g/(mg·min)), and t is the contact time (min). Figures 4 and 5 showed the biosorption behaviors of DM-BC for removal of MB from aqueous solution under various conditions at temperature of 25 °C and agitation speed of 200 rpm. In the early period, the residual MB concentration (Ct/C0) rapidly decreased as contact time increased, implying that the interaction (biosorption potential) between adsorbate (MB) and biosorbent (DM-BC) was strong. Herein, MB was used as a model compound because some pesticides (e.g., paraquat) are cationic in the aqueous solution or soils. Therefore, the pseudo-second order rate equation was adopted in this work. The fitted values of biosorption rate parameters for describing the system have been listed in Tables 2 and 3 , indicating that the correlations between the experimental data and fitting results was highly consistent. 
Adsorption or biosorption process is a common method in the water and wastewater treatment and soil remediation. For better performance and cost-effective operation, biosorption capacity and process time required for equilibrium are important parameters in the system. Therefore, several biosorption kinetic equations or models have been used to predict the biosorption behaviors in the aqueous systems [26] . Among them, a pseudo-second order rate equation was commonly used to fit the biosorption kinetic data for explaining the physicochemical aspects, including physical biosorption, chemical attraction and ion-exchange. Its linear form was given below [27] t/q t = 1/(k × q e
where q t is the biosorbed amount of adsorbate (i.e., MB) at the contact time t (mg/g), q e is the amount of MB biosorbed at equilibrium (mg/g), k is the pseudo-second-order rate constant (g/(mg·min)), and t is the contact time (min). Figures 4 and 5 showed the biosorption behaviors of DM-BC for removal of MB from aqueous solution under various conditions at temperature of 25 • C and agitation speed of 200 rpm. In the early period, the residual MB concentration (C t /C 0 ) rapidly decreased as contact time increased, implying that the interaction (biosorption potential) between adsorbate (MB) and biosorbent (DM-BC) was strong. Herein, MB was used as a model compound because some pesticides (e.g., paraquat) are cationic in the aqueous solution or soils. Therefore, the pseudo-second order rate equation was adopted in this work. The fitted values of biosorption rate parameters for describing the system have been listed in Tables 2 and 3 , indicating that the correlations between the experimental data and fitting results was highly consistent. The fitted biosorption capacity (i.e., q e ) increased as the initial adsorbate (MB) concentration (i.e., C 0 ) increased from 5 to 15 mg/L, as seen in Table 2 . This result was reasonable because more MB molecules were adsorbed at equilibrium onto the biochar (DM-BC) without exhausting its adsorption sites. On the other hand, the decrease of q e with increasing biochar dosage was indicative of exhausting adsorption onto excessive biochar by the limited MB molecules. Furthermore, the rate constant values Agriculture 2019, 9, 114 7 of 9 (k) indicated an increasing trend at higher biochar dosages due to the increase in more biosorption sites provided. These results agreed with those by the previous study [21] and other studies [12, 28, 29] . It is well known that carbon adsorption is an advanced wastewater treatment process. Based on the data in Table 2 , the wastewater volume completely biosorbed by 1 kg DM-BC at 25 • C is equal to about 5 m 3 if it contains the MC concentration of 5 mg/L. (1) and Table 3 . (1) and Table 2 . (1) and Table 3 . (1) and Table 3 . 
Conclusions
In this work, the resulting biochar product (DM-BC) showed its microporous and mesoporous features with the BET surface area of about 300 m 2 /g and total pore volume of 0.185 cm 3 /g. The porous texture can be observed by the N 2 adsorption-desorption isotherms and scanning electron microscopy (SEM). As also revealed by the energy dispersive X-ray spectroscopy (EDS), the surface of DM-BC was rich in soil nutrient elements, such as calcium (Ca), magnesium (Mg%) and potassium (K). Furthermore, it showed a rapid removal of cationic compound (i.e., MC) from aqueous solutions due to the strong interaction between the dye and the negatively-charged biochar surface and the high fitting results of pseudo-second order rate model (R 2 > 0.94). These experimental results suggested that the manure-based biochar could be reused as a biosorbent, biofertilizer, or soil amendments due to the high porosity and the abundant in nutrient minerals. 
